Multireference perturbation theory with complete active space self-consistent field ͑CASSCF͒ reference functions was applied to the study of the valence and Rydberg excited states in the range of 5-8 eV of five-membered ring compounds, cyclopentadiene, furan, and pyrrole. The spectra of these molecules have been studied extensively for many years but characterization is far from complete. The present approach can describe all kinds of excited states with the same accuracy. The calculated transition energies are in good agreement with corresponding experimental data. We were able to predict the valence and Rydberg excited states with an accuracy of 0.27 eV or better except for the B 2 ϩ of pyrrole. The valence excited states of five-membered ring compounds were interpreted in terms of the covalent minus states and ionic plus states of the alternate symmetry. The unobserved 1A 1 →A 1 Ϫ transition with very weak intensity, which is hidden under the strong 1A 1 →B 2 ϩ transition, is also discussed. Overall, the present theory supports the assignments recently made by Serrano-Andres et al. based on the CASSCF plus second-order perturbation results. However, there remain some discrepancies in the assignment of the spectrum of pyrrole.
I. INTRODUCTION
The many body perturbation method has been used as a convenient way to take into account electron correlation. The single reference version like Mo "ller-Plesset ͑MPn, nϭ2-4͒ is a well-defined theory that can be applied safely to the ground state of closed-shell molecules around equilibrium geometry but it fails badly to describe the nondynamical correlation due to the quasidegeneracy. The multireference Mo "ller-Plesset ͑MRMP͒ perturbation theory 1 using the complete active space self-consistent field ͑CASSCF͒ ͑Ref. 2͒ reference function has proved to be a useful method for obtaining reliable potential surfaces of chemical reactions and accurate transition energies. It has many attractive features: ͑1͒ it can dissociate a molecule correctly into its fragments, ͑2͒ it is applicable to open-shells and excited states, ͑3͒ it is almost size-consistent, ͑4͒ it is very computationally efficient ͑neither iteration nor diagonalization of a large matrix is necessary in the calculation͒. We have also proposed a quasidegenerate perturbation theory with multiconfigurational SCF reference functions ͑MCQD͒.
3 MCQD has the additional features; ͑5͒ it can be applied to degenerate and quasidegenerate systems and ͑6͒ the interstate property such as the transition dipole moment can be handled in the same way as in obtaining the effective Hamiltonian.
In this paper, we clarify the applicability of the multireference perturbation theory to the calculation of accurate excitation spectra of five-membered ring compounds, 1,3-cyclopentadiene ͑CP͒, furan, and pyrrole. Furan and pyrrole are aromatic compounds where the hetero atom supplies two electrons and the four carbon atoms supply one -electron each, whereas CP does not ͑cyclopentadienide ion is aromatic sextet͒. These molecules are of importance in synthetic organic chemistry and in biochemistry. Experimental work on the electronic spectrum of these molecules has a long history but a full characterization is a long way off. The spectrum has a very complex structure with many overlapping Rydberg series. Knowledge of the location and FranckCondon profiles of electronic excitations in these molecules is of considerable importance in interpreting the results of photochemical experiments.
In Sec. II we summarize the computational details. Calculated results are presented and discussed in Sec. III. Conclusions are presented in the final section.
II. COMPUTATIONAL DETAILS
The calculations were carried out for the ground and low-lying singlet excited states of CP, furan, and pyrrole. Experimental geometries were used for all the molecules. Thus, the calculated excitation energies are vertical in nature. The molecules were placed in the yz-plane. The basis sets used for first-row atoms ͑C, N, and O͒ are Dunning's cc-pVTZ. 4 The polarization functions were taken from those of cc-pVDZ. The Rydberg functions (2s2 p2d) were also placed on the charge center of each molecule. The primitive Rydberg functions for C, N, and O determined by Dunning and Hay 5 were weight-averaged and split into two with splitting factors of 1.9 and 0.75. The exponents obtained in this way were 0.0437(s), 0.0173(s), 0.0399( p), and 0.0158( p) for CP, 0.0456(s), 0.0180(s), 0.0414( p), and 0.0164(p) for pyrrole, and 0.0471(s), 0.0186(s), 0.0426(p), and 0.0168( p) for furan. We used the same Rydberg d exponents, 0.0285 and 0.0113, for all three molecules. The ccpVDZ was used for hydrogen atoms ͑no polarization on H͒.
First we carried out the state-averaged CASSCF calculations in each symmetry. For CP, four electrons were treated as active electrons and distributed among two bonding ͑2b 1 and 1a 2 ͒ and two antibonding * ͑3b 1 and 2a 2 ͒ orbitals. For pyrrole and furan, six electrons were distrib-uted among five valence orbitals. For the calculations of excited states, we extended the active space by adding appropriate Rydberg orbitals in addition to valence and * orbitals. We added an a 2 orbital with 3d character to describe the 1 A 1 transitions arising from HOMO ͑1a 2 ͒. Similarly we added four a 1 ͑3s, 3p, and two 3d͒, two b 2 ͑3 p and 3d͒, and two b 1 ͑3p and 3d͒ orbitals for the description of 1 A 2 , 1 B 1 , and 1 B 2 excited states, respectively. In a similar way, the Rydberg orbitals were added to describe the excited states corresponding to transitions from the second HOMO ͑2b 1 ͒.
Perturbation calculations were performed with the MRMP and MCQD methods. MRMP was applied to each individual state. In the calculations with MCQD, the Rydberg states in the same symmetry were treated simultaneously but the valence excited states were computed separately. Oscillator strengths were calculated by using transition moments computed at the CASSCF level and the MRMP transition energies.
III. CALCULATED RESULTS AND DISCUSSION
The CASSCF configurations for the ground and lowlying valence excited states of three molecules are given in Table I in terms of C 2v symmetry orbitals. Calculated vertical excitation energies and oscillator strengths with the experimental data available are summarized in Tables II-IV and Figs. 1-3. The present results have been compared to the previous calculations; the CI based on the symmetry-adapted cluster expansion method ͑SAC-CI͒ by Kitao and Nakatsuji 6 and the CASSCF plus second-order perturbation theory ͑CASPT2͒ by Serrano-Andres et al. 7 The CASPT2 is similar to our MRMP and MCQD in the sense that they are all second-order perturbation methods based on the CASSCF reference functions. The difference is in the way of defining the zeroth order wave functions. In the CASPT2, the firstorder wave functions are constructed with the internally contracted scheme ͑in other words, the zeroth order wavefunctions are linear combinations of CSFs͒, and thus some sets of linear equations must be solved in obtaining the secondorder energy. On the other hand, our MRMP and MCQD are, respectively, the single-and multistate perturbation methods using the single CSFs as the basis of first-order wave functions. In these methods, the second-order energy ͑or effective Hamiltonian͒ is obtained just through the sum of the products of molecular integrals and energy denominator (E 0 ϪH 0 )
Ϫ1
. The pairing properties satisfied in the Huckel and PPP Hamiltonians for alternant hydrocarbons serve as a valuable tool for the qualitative interpretation of the excited states calculated with the sophisticated ab initio methods even of heterocyclic analogs. 8 Let us consider the cis-butadiene. The four valence -orbitals in cis-butadiene are in the order of energy, 1b 1 , 1a 2 , 2b 1 , and 2a 2 . The first two are occupied orbitals. They are designated by 2, 1, 1Ј, and 2Ј, respectively. The orbitals i and iЈ are called a conjugated pair, and the well-known pairing properties are satisfied. The HOMO-LUMO ͑1→1Ј͒ excitation gives rise to the lowest 1 B 2 ϩ state ϩ transition, making it difficult to detect it in absorption spectra. The transition of 2→2Ј gives the second B 2 ϩ state with ionic character but it is predicted to lie at rather high energy.
The five valence -orbitals in the five-membered ring compounds are in the order of energy, 1b 1 , 2b 1 , 1a 2 , 3b 1 , and 2a 2 . The first three are occupied orbitals and the 1b 1 -orbital ͑pseudo -orbital͒ originated from the hetero atoms ͑CH 2 group͒. Thus, 2b 1 , 1a 2 , 3b 1 , and 2a 2 correspond roughly to the 2, 1, 1Ј, and 2Ј orbitals of cis-butadiene. Due to the introduction of the hetero atoms ͑CH 2 group͒, the pairing properties for the alternant hydrocarbons are no longer satisfied in the five-membered ring compounds but they still behave like alternant hydrocarbons and the situation is similar to that encountered in cis-butadiene. Note 
A. 1,3-cyclopentadiene (CP)
CP is more similar to polyenes than to aromatic molecules, particularly with its structure resembling that of cisbutadiene. The optical spectrum of CP has been studied by many researchers. [9] [10] [11] [12] [13] [14] [15] The first singlet-singlet transition was designated N→V 1 ( 1 A 1 → 1 B 2 ) by Mulliken. 16 Absorption bands begin at about 4.75 eV and continue to 5.90 eV with the absorption maximum located at 5.34 eV. 10 Frueholz et al. 12 observed an intensity maximum of a broad transition at 5.26 eV by using electron impact spectroscopy and assigned the peak as the 1 showed that the excitation energy of an ionic state is overestimated considerably at the CASSCF level and the introduction of dynamic -polarization effect through the second-order perturbation reduces the excitation energy drastically. The transition energy to 1 B 2 ϩ state is estimated to be 7.74 eV at the CASSCF level. CASSCF overestimates its energy by as much as 2.5 eV. The unreliable excitation energy of CASSCF was pointed out by Zgierski and Zerbetto 17 and they stressed the need for dynamical correlation. CASPT2 ͑Ref. 7͒ also gave a similar trend and predicted the transition energy to be 5.27 eV, which is very close to the present results. SAC-CI ͑Ref. 6͒ is a method that provides very accurate transition energies of the singly excited states. SAC-CI is based on the assumption that the dynamical correlation determined in the ground state can be transferred to excited states. This is the case for the covalent and Rydberg excited states dominated by single excitations but it cannot necessarily be applied to the ionic states. SAC-CI placed the 1 B 2 ϩ state at 5.75 eV, which is slightly too high compared to the experiment.
The second valence excited state was identified as 14 The present results, 5.62 eV ͑MRMP͒ and 5.66 eV ͑MCQD͒, are in good agreement with the assignment.
The next region of absorption occurs from 6.20 to 6.90 eV. These values are probably members of a Rydberg series converging to the first ionization potential of CP, 8.566 eV. Sabljic et al. 15 provided experimental assignments for all three 3p-Rydberg origins from a careful analysis of the polarized-selected two-photon resonant multiphoton ionization spectra, 6.25 eV for 3 p B 1 , 6.26 eV for 3 p A 2 , and 6.31 eV for 3p B 2 . On the other hand, Derrick et al. 11 identified the 1 B 1 3p-Rydberg state at 6.255 eV from the study of photoelectron spectroscopy. The present results, 6.24 eV ͑MRMP͒ and 6.29 eV ͑MCQD͒ for 3p B 1 , 6.27 eV ͑MRMP͒ and 6.32 eV ͑MCQD͒ for 3p A 2 , and 6.25 eV ͑MRMP͒ and 6.31 eV ͑MCQD͒ for 3p B 2 , are very close to their assignments. However, the ordering is not necessarily the same as in their assignment. This is understandable because of the small energetic separation ͑0.06 eV͒ between the three states. The transitions to 3 p B 1 and 3 p B 2 are dipoleallowed and both were calculated to have relatively strong intensities, while the transition to 3 p A 2 is dipole-forbidden.
Frueholz et al. 12 observed another feature with resolvable peaks at 6.80 and 7.05 eV. These must correspond to the 3d-Rydberg transitions. From the computed oscillator strength, we assigned these peaks as 3d
1 B 2 and 3d 1 A 1 transitions, respectively. Our calculations suggest that the transition to 3d 1 B 2 occurs at 6.91 eV ͑MRMP͒ and 6.97 eV ͑MCQD͒ and that to 3d
1 A 1 at 6.89 eV ͑MRMP͒ and 6.95 eV ͑MCQD͒, respectively. The transition to 3d 1 B 2 is computed to have a relatively strong intensity but that to 3d 1 A 1 is rather weak. Theory also suggests there is little splitting of the five 3d-Rydberg transitions, spanning 0.1 eV. Derrick et al. 11 assigned the transition at 7.852 eV to the first 3s-Rydberg transition from the second highest orbital. The calculated 3 1 B 1 state is located around 7.80 eV with the oscillator strength of 0.0217. This is also close to the experiment. The corresponding CASPT2 value is 7.95 eV. However, Serrano-Andres et al. 7 assigned the transition as the observed peak at 8.03 eV.
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B. Furan
Furan, as well as pyrrole, is of considerable importance in synthetic organic chemistry, the preparation of various drugs and polymers, and in biochemistry. Though furan differs from CP only by the substitution of an O atom for the CH 2 group, its electronic spectrum 10,18 -28 is rather different from that of CP. First we will discuss the valence excited states.
The first band in the absorption spectrum appears at 6.06 eV. 18 25 assigned the peaks at 6.44 and 6.61 eV as the transition to the 1 A 1 Ϫ state, but these are peaks due to Rydberg transitions as discussed below.
The most intense feature of the absorption spectrum with a maximum at 7.79 ͑Ref. 18͒ is due to the transition to the third valence excited state, 4 1 A 1 ϩ . The electron impact investigation located the state at 7.82 eV. 25 MRMP placed the 4 1 A 1 ϩ state at 7.69 eV and MCQD placed it at 7.72 eV with high intensity of 0.494. CASPT2 also predicted that the transition occurs at 7.74 eV. Now let us discuss the Rydberg transitions. The first singlet-singlet excitation of furan is the 3s-Rydberg series. Robin 23 assigned the weak peak at 5.94 eV to the dipoleforbidden 1 A 2 Rydberg transition. Roebber et al. 27 also assigned the peak at 5.91 eV to the 1a 2 →3s Rydberg state using the multiphoton ionization spectroscopy. The computed excitation energy is 5.84 eV. CASPT2 and SAC-CI predicted that the transition occurs at 5.92 and 6.27 eV, respectively.
The second band system observed in the absorption spectrum of furan shows sharp bands that could be analyzed to reveal vibrational frequencies of the excited molecule. 18 Derrick et al. 22 assigned the band at 6.475 eV as the transition 1a 2 →3pb 2 . Cooper et al. 28 measured the resonantly enhanced multiphoton ionization spectra. A band at 7.39 eV with high intensity among the third band system of the absorption spectrum was first observed by Pickett. 18 Watanabe and Nakayama 20 suggested that the transition at 7.38 is due to the Rydberg excitation arising from excitations out of the highest occupied 1a 2 orbitals. Derrick et al., 22 however, suggested from a study of the photoelectron spectroscopy that the peak appearing at 7.380 eV is due to the transition from the second highest 2b 1 to 3s Rydberg orbitals. The calculated 2b 1 →3s transition energies are 7.31 eV ͑MRMP͒ and 7.25 eV ͑MCQD͒. CASPT2 predicted the slightly lower excitation energy of 7.21 eV while SAC-CI predicted a slightly higher value of 7.62 eV. The transition is predicted to have a relatively high intensity of 0.015.
C. Pyrrole
The electronic absorption spectrum of pyrrole has been investigated by many researchers. 10, 21, 29, 30, 32 In the range of 5-8 eV, it has a very complex structure with many overlapping Rydberg series. Several other techniques 24 -26,28,31 have been used to study the molecule in the near and ultraviolet regions. However, no complete assignment exists.
The first dipole-allowed transitions were observed at 5.88 and 5.96 eV in the optical spectrum 30 and at 5.89 and 5.98 eV in the electron energy-loss spectrum 25 31 made a thorough revision of the assignment based on the photoelectron results, reaching the conclusion that the band can be rationalized in terms of Rydberg series. They assigned the peak at 5.87 eV as the first member of the Rydberg series 1a 2 →npb 2 leading to the first ionization potential of 8.21 eV. Bavia et al. 32 studied the spectrum of pyrrole in the vapor and crystal and confirmed Dirreck's assignment that the transition at 5.86 eV is due to the Rydberg excitation. On the other hand, Flicker et al. 24, 25 suggested that one of the peaks at 5.89 and 5.98 eV is due to the transition to valence-type 1 B 2 state. Cooper et al. 28 studied the resonant multiphoton ionization spectra and also suggested that the band at 5.86 eV is a valence transition. The congested electronic structure of pyrrole has led to several contradictory interpretations of the data.
Early theoretical attempts to assign the observed spectrum assumed that the lowest energy states were →* transitions, but most theories find them to be the Rydberg transition. Butscher ϩ state of pyrrole is somewhat different in character from that in CP and furan. The oscillator strength was computed to be 0.100, which is weaker than that in CP and furan. The 1 B 2 ϩ state is expected to be among the Rydberg bands of 1a 2 →3p, 1a 2 →3d, and 2b 1 →3 p transitions. The reason for the relatively large discrepancy in the calculated excitation energy is that CASSCF may have overestimated the contribution of the Rydberg configuration. In general, the second-order energy originated from the Rydberg configurations is rather small compared to that originated from the valence configurations with ionic character.
There 25 tentatively assigned the peak at 5.22 eV as 1 A 1 Ϫ but this seems to be somewhat smaller compared to the theory. The transition at 5.22 eV is due to the Rydberg excitation as discussed below.
The most intense bands in the spectrum appear in the range of 7.26 -7.86 eV. This is mainly due to the 1 A 1 ϩ transition although many Rydberg series are expected to occur in this energy range. The 1 A 1 ϩ excitation energies were computed to be 7.48 eV ͑MRMP͒ and 7.51 eV ͑MCQD͒, respectively. The oscillator strength is 0.562, which is the most intense transition in pyrrole.
A weak transition at 5.22 eV in pyrrole was assigned as the lowest singlet-singlet dipole forbidden transition in that molecule. [23] [24] [25] The theory suggests that the lowest excitation in pyrrole is the 1a 2 →3s Rydberg transition. The present theory, however, predicts it to occur at 4.91 eV. The difference between theory and experiment is 0.3 eV, which is somewhat beyond the error of the present theory in estimating the Rydberg transition energy. The 1a 2 →3s transition energy was computed to be 5.08 eV at the CASPT2 level. Bavia et al. 32 determined by best fitting the experimental 3s Rydberg-type terms that the origin of the weak system is around 4.96 eV. Theoretical results are close to the value estimated by Bavia et al.
The 3s Rydberg transition from the second highest 2b 1 is expected to occur around 5.65 eV with very weak intensity. However, there is no experimental evidence. Derrick et al. 31 surmised that the 6.23 eV and 6.32 eV peaks correspond to the origin and the 1 vibration of the Rydberg series 2b 1 →ns. Their assignment, however, was insufficient to explain the theoretical results.
The Rydberg states following the three 1a 2 →3 p Rydberg transitions are 1a 2 →3d which overlap with the 2b 1 →3p Rydberg transitions. Theory suggests that the five 3d-Rydberg transitions should occur in the range of 6.37-6.64 eV while three 3 p Rydberg transitions from the second highest orbital should appear in 6.48 -6.70 eV. All the transitions in the 3d-Rydberg transitions are dipoleforbidden or very weak while two of the three 3 p-Rydberg transitions have considerable intensity. The peak at 6.78 eV is, according to Derrick et al., 31 the origin of the Rydberg series 1a 2 →nda 2 while the peak at 6.43 eV was characterized as the Rydberg transition 1a 2 →3db 2 . 32 The 3d Rydberg transitions from the second highest 2b 1 are predicted to lie in the range of 7.12-7.36 eV, slightly below the valence 1 A 1 ϩ state. Flicker et al. 25 observed five peaks in the energy range of 7.26 -7.86 eV. The main peak must be due to the most intense valence transition to the 1 A 1 ϩ state but others may come from the RЈ(3d) Rydberg transitions. Derrick et al. 31 explained the observed bands in the region of 7.1-7.9 eV by Rydberg transition with quantum number of nϾ3 arising from 1a 2 orbitals. This may be an alternative explanation of the bands but we did not calculated such Rydberg transition in the present study.
IV. CONCLUSIONS
MRMP and MCQD were used to study the valence and Rydberg excited states in the range of 5-8 eV of fivemembered ring compounds, cyclopentadiene, furan, and pyrrole. Both methods gave very similar transition energy with a difference of less than 0.05 eV although MRMP gave slightly lower values than MCQD. Both methods can describe all kinds of excited states with the same accuracy. The calculated results agree well with experimentally measured spectra. Valence excited states were interpreted in term of the pairing properties for the alternant hydrocarbons. We discussed the unobserved 1A 1 →A 2 -transition with very weak intensity, which is hidden under the strong 1A 1 →B 2 ϩ transition. Overall, the present theory supports the assignments recently made by Serrano-Andres et al. based on the CASPT2 results. However, there remain some discrepancies in the assignment of the spectrum of pyrrole. The present theory has proved to be of great utility in predicting and interpreting experimental electronic spectra of medium-sized molecules.
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